Background and Purpose-The ASPECTS (Alberta Stroke Program Early CT Score) is a quantitate score that measures the extent of early ischemic changes. Our aim was to investigate how measurement of ASPECTS using Hounsfield unit (HU) values on initial noncontrast head computerized tomography (CT) correlates with the extent of final infarct on follow-up imaging. Methods-Cases of acute stroke from the middle cerebral artery M1 occlusion in which complete recanalization (TICI [Thrombolysis in Cerebral Infarction] 3) was achieved were included for analysis. Using HU ratio (HU affected/HU control hemisphere) and HU difference (HU control−HU affected hemisphere) values, ASPECTS was measured on initial CT imaging and correlated with final ASPECTS at 24 hours. The study cohort consisted of 41 patients with acute stroke from the M1 occlusion. The mean time from stroke symptoms onset to baseline head CT imaging was 264 minutes and from CT to TICI 3 recanalization was 142 minutes. Results-HU ratio within the 0.94 to 0.96 ranges showed the highest correlation coefficient and lowest mean and median errors with the final ASPECTS. The difference of 2.0 HU between the 2 hemispheres demonstrated the higher correlation coefficient (r=0.71; P<0.0001) and the lowest mean and median absolute errors (1.4 and 1, respectively). Conclusions-We established a simple algorithm for rapid and accurate assessment of ASPECTS on baseline CT imaging to predict the extent of final stroke in patients with emergent large vessel occlusion who undergo endovascular revascularization.
T he ASPECTS (Alberta Stroke Program Early CT Score) is a quantitate score that measures the extent of early ischemic changes in anterior circulation hyperacute ischemic stroke. 1 The territory of the middle cerebral artery is divided into 10 regions, and points are subtracted for areas with early ischemic signs, such as focal swelling or parenchymal hypoattenuation. The score was originally designed to help identify patients who were likely to demonstrate the most clinical benefit from intravenous thrombolysis. 1 Subsequently, this score was applied in imaging selection for endovascular therapies to isolate patients with greatest extent of ischemic damage, in whom recanalization would be futile or harmful. 2, 3 More recently, ASPECTS has been recognized as a key selection criteria in the updated American Heart Association guidelines on the management of acute stroke, where endovascular therapy in patients with baseline ASPECTS≥6 is recommended. 4 Rapid screening of patients for thrombectomy without the need for more advanced imaging modalities, such as computerized tomography (CT)-or magnetic resonance imaging (MRI)-based perfusion, is the main advantage of using ASPECTS in clinical practice. However, studies have shown variations in agreement for detection of early ischemic changes depending on the reader's experience and clinical background, imaging settings (such as the use of the standard versus stroke window settings), and type of diagnostic work station (smartphone versus standard desktop viewing station), which can all affect the interpretation of ASPECTS and influence clinicaldecision making. [5] [6] [7] Noncontrast head CT is the most common initial strategy for evaluation of patients with acute stroke, and misinterpretation of ASPECTS can have significant effect on clinical-decision making. 8, 9 Computer-assisted automated ASPECTS measurement can help in the assessment of early ischemic changes, but reliable clinical validation of such algorithms in clinical practice is currently lacking. 10, 11 Here, we investigate how identification of early ischemic changes using Hounsfield unit (HU) values on initial noncontrast head CT in patients who achieved complete recanalization with endovascular therapy correlates with the extent of final infarct on follow-up imaging. Such method may be used by clinicians to help with interpretation of ASPECTS, as well as serve as a platform for development of automated ASPECTS software.
Methods
The study was approved by the local institutional review board. We retrospectively reviewed cases of patients with acute ischemic stroke who were treated with endovascular therapy between July 2014 and June 2016. Figure 1 shows the selection process used in our study. Cases that met the following criteria were included: (1) occlusion of the middle cerebral artery M1 segment; (2) complete recanalization corresponding to TICI (thrombolysis in cerebral infarction) 3 score at the end of thrombectomy; and (3) availability of baseline noncontrast CT head and a follow-up noncontrast CT or MRI brain at 24 hours. Cases with hemorrhagic transformation precluding accurate interpretation of the extent of final infarct or scans with significant motion artifacts were excluded from analysis. All patients had CT angiography performed for confirmation of large vessel occlusion. We excluded cases with a tandem separate occlusion at a more proximal location (such as cervical or internal carotid artery terminus occlusion) or occlusion of other territories, such as the anterior cerebral artery. Intravenous thrombolysis was not an exclusion criterion. We typically selected patients for thrombectomy based on the ASPECTS cutoff value of 6. Cases with ASPECTS<6 were also treated with endovascular therapy on an individual case by case basis. Patients eligible for systemic thrombolysis received intravenous tPA (tissue-type plasminogen activator) first and then were treated intra-arterial thrombectomy. There were no patients in our cohort in whom intravenous thrombolysis alone resulted in successful recanalization, which was confirmed angiographically at the beginning of thrombectomy. Patients ineligible for systemic thrombolysis were taken for intra-arterial thrombectomy directly. All thrombectomy procedures were performed by 2 operators using the same approach to thrombectomy: direct aspiration first, with a subsequent use of a stent retriever, if aspiration alone was unsuccessful in achieving TICI 3 results.
Image Analysis
All patients underwent 5-mm noncontrast head CT imaging performed using Brilliance 64 PHILIPS scanner with the following standard parameters: tube voltage, 140 kV; tube current, 320 mA; and rotation speed, 0.75 seconds. Using baseline noncontrast CT images, 10 separate regions corresponding to the standard middle cerebral artery territory ASPECTS areas were manually outlined. HU values were recorded from the affected (stroke) and the contralateral (control) hemispheres within the 10 regions, as shown in Figure 2 . The regions were outlined blinded to the knowledge of the extent of final stroke on follow-up imaging. The HU ratio (rHU) was calculated by dividing the HU value of the affected side by the HU value of the contralateral side.
MRI fluid-attenuated inversion recovery was performed at ≈24 hours to measure the extent of final infarct. If MRI was not available, noncontrast CT study repeated at 24 hours was used. ASPECTS values on follow-up imaging was calculated by counting the presence or absence of final infarct within the standard 10 ASPECTS regions.
Statistical Analysis
The rHU ASPECTS (HU affected/HU control hemisphere) ranging from 0.90 to 0.99 and HU difference (HU control−HU affected hemisphere) were compared with final MRI ASPECTS. Pearson r correlation coefficient, mean absolute error, and median absolute error were calculated for the total ASPECTS scores for each individual case. Sensitivity and specificity were analyzed for each ratio and difference interval, as well as corresponding receiver operating characteristic curves. Statistical analyzes were performed using GraphPad Prism version 7 for Windows, GraphPad Software, La Jolla, CA. P<0.05 was considered statistically significant.
Results
Forty-one patients with acute stroke from the middle cerebral artery M1 occlusion who achieved complete recanalization were included in this study. The baseline characteristics of these patients are summarized in Table 1 . Mean time from stroke onset to baseline head CT imaging was 264 minutes and from CT to TICI 3 recanalization was 142 minutes. For the 24-hour follow-up imaging, brain MRI was performed in 95% (39 of 41) of patients, and the remaining 2 patients had a repeat head CT. Mean and median ASPECTS at 24 hours were 6.7 and 8, respectively. Figure 2C shows the distribution of 24-hour ASPECTS within the cohort. The majority of patients (83%) had ASPECTS ≥5. Table 2 shows the correlation of ASPECTS calculated based on the ratio of HU (HU affected/HU control hemisphere) on baseline CT imaging with final ASPECTS values on the 24-hour follow-up imaging. rHU within the 0.94 to 0.96 ranges showed the highest correlation coefficient and lowest mean and median errors with the final ASPECTS. In a multivariate analysis, no significant effect of intravenous tPA use, age, National Institutes of Health Stroke Scale, or demographic factors on 24-hour ASPECTS was found (P=0.195).
The correlations of ASPECTS calculated by subtracting HU of the affected hemisphere from the contralateral (control) side with final ASPECTS are shown in Table 2 . HU difference within the range of 1.5 to 2.0 showed the highest correlation while minimizing mean and median absolute value. Specifically, absolute difference of 2.0 HU between the 2 hemispheres demonstrated the higher correlation coefficient (r=0.71; P<0.0001) and the lowest mean and median absolute errors (1.4 and 1, respectively) .
The diagnostic sensitivity and specificity of ASPECTS based on rHU or HU difference on initial CT with final ASPECTS at 24 hours according to different threshold values are represented in Table 3 . Receiver operating characteristic Figure 3B ).
Discussion
In our study, we established and validated a simple algorithm for rapid and accurate assessment of ASPECTS on baseline CT imaging to predict the extent of final stroke in patients with emergent large vessel occlusion who undergo endovascular revascularization. We think that such algorithm can be used in clinical practice to assist clinicians in the evaluation and interpretation of CT imaging in patients who are considered potential candidates for endovascular therapy, as well as serve as a foundation to develop automated software analysis for ASPECTS measurement.
Studies have shown that ASPECTS interpretation is subject to interobserver reliability and can substantially affect the decision-making process, resulting in erroneous inclusion or exclusion of patients for thrombectomy. 8, 9 Although no studies have specifically addressed this issue, we suspect that the interpretation of ASPECTS is even more challenging when performed on portable work stations, tablets, or smartphone devices. For example, 1 study showed excellent performance of smartphone teleradiology applications in evaluation and recognition of intracranial hemorrhages or neoplasms but much lower interobserver agreement in assessing early ischemic changes. 7 Previous research to establish automated ASPECTS measurement algorithms was based on the use of early diffusion weighted MRI as the gold standard in detecting the extent of early ischemia. 10 The limitation of this approach is an increasing body of evidence showing, in some cases, that diffusion weighted imaging lesions can be reversed in patients who Groin puncture to recanalization, mean, min 40
Initial head CT to recanalization, mean, min 142 CAD indicates coronary artery disease; CT, computed tomography; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale; and TICI, Thrombolysis in Cerebral Infarction.
achieve successful recanalization, thus questioning the credibility of MRI as the gold standard. 12, 13 In other studies of automated detection of ASPECTS, early signs of ischemia were compared with the extent of final stroke on repeat imaging at 24 hours. 11 However, because of ASPECTS decay, which will result in worsening of the overall score over time unless the patient is successfully reperfused, the findings in such studies should be interrupted with caution.
14 Therefore, in our study, we only included patients who achieved complete recanalization characterized by TICI 3 score to minimize the extent of ASPECTS decay over time. Such inclusion criterion to selectively include patients with emergent large vessel occlusion who have achieved full recanalization have successfully been used previously to estimate perfusion-based parameters to define ischemic core and penumbra. 15 Our study has several limitations. First, these findings are only applicable to patients with acute stroke from M1 occlusion. Also, patients with ASPECTS<6 were under-represented in our study. Additional studies would be required to test whether the same algorithm applies to patients with more distal strokes, such as M2 segment of the middle cerebral artery or strokes in other territories, including posterior circulation, as well as in patients with less favorable baseline imaging profile. Second, although TICI 3 recanalization is highly associated with complete reperfusion, research suggests that reperfusion is more influential on clinical and radiographic outcomes. Therefore, it would be important to test our results using a cohort with CT-or MR-defined reperfusion rather than using TICI grading scale alone. 15, 16 Third, because of a rather significant delay from baseline CT to angiographic recanalization of 142 minutes, there is some possibility of ASPECTS decay in our cohort. Our findings need to be validated in patients with shorter time from initial imaging to recanalization (ideally, in a cohort that is based on patients with <60 minutes from picture to puncture). Forth, a small sample size could have introduced type II error to our results. Finally, the retrospective nature of the study could have resulted in selection bias.
Conclusions
Using measurement of HU values between the affected and contralateral hemispheres, we introduced a simple algorithm for rapid and accurate assessment of ASPECTS on baseline CT imaging to predict the extent of final stroke in patients with emergent large vessel occlusion who undergo endovascular revascularization. Such algorithm may be used in clinical practice to assist clinicians in the evaluation and interpretation of CT imaging in patients who are considered for endovascular therapy, as well as serve as a foundation to develop automated software analysis for ASPECTS measurement. The optimal rHU between the affected and contralateral hemispheres to predict final infarct on follow-up imaging was 0.94 to 0.96. Our findings need to be validated prospectively by comparing such automated algorithm with human interpretation of ASPECTS. 
